In many developing tissues, environmental signals act locally to induce the fate of one or a small number of cells. One such tissue is the Drosophila compound eye, which is comprised of 800 light-sensing cell-clusters called ommatidia. Each ommatidium contains eight photoreceptors (R1-R8) and four cone cells, which assemble by a process of recruitment. First R8 is determined, and then subsequent photoreceptors are added in pairs: R2 and R5; R3 and R4; R1 and R6. The final photoreceptor to differentiate is R7 followed by the non-neuronal cone cells. This developmental pathway has been a model system for understanding how pattern formation is controlled by intercellular signaling (Silver and Rebay, 2005) .
Introduction
In many developing tissues, environmental signals act locally to induce the fate of one or a small number of cells. One such tissue is the Drosophila compound eye, which is comprised of 800 light-sensing cell-clusters called ommatidia. Each ommatidium contains eight photoreceptors (R1-R8) and four cone cells, which assemble by a process of recruitment. First R8 is determined, and then subsequent photoreceptors are added in pairs: R2 and R5; R3 and R4; R1 and R6. The final photoreceptor to differentiate is R7 followed by the non-neuronal cone cells. This developmental pathway has been a model system for understanding how pattern formation is controlled by intercellular signaling (Silver and Rebay, 2005) .
Induction of photoreceptor and cone cells requires cellcell signaling mediated by the receptor tyrosine kinase EGF receptor (EGFR) (Freeman, 1996; Kumar et al., 1998; Spencer et al., 1998; Yang and Baker, 2001) . Additionally, the induction of particular cell-types requires other signals. For example, determination of R7 requires an additional signal mediated by another receptor tyrosine kinase, Sevenless, which is activated by a ligand expressed in the neighboring R8 cell (Zipursky and Rubin, 1994) . If a cell is recruited at this stage of ommatidial development but does not receive the Sevenless signal, it fails to adopt an R7 cell fate.
The induction of a subset of photoreceptors and cone cells also requires a signal mediated by the Notch (N) receptor. Delta (Dl) is a ligand for N, and is localized to the surface of Dl-expressing cells. Thus, Dl-N interactions are limited to neighboring cells. In the eye disc, Dl on R1/R6 cells activates N in neighboring precursor cells, and activation induces the precursors to differentiate into R7 photoreceptors and cone cells (Cooper and Bray, 2000; Flores et al., and Struhl, 2001; Tsuda et al., 2002) . This Dl-N signal is a key feature that distinguishes R7 and R1/R6 fates; precursor cells that become R1/R6 photoreceptors do not receive a Dl-N signal, whereas cells that become R7 cells receive such a signal (Cooper and Bray, 2000; Tomlinson and Struhl, 2001) . It also appears that the strength of Dl-N signal influences the likelihood of precursors to adopt an R7 versus cone cell fate. If R1, R6 or R7 precursors receive high levels of Dl-N signaling, then these cells become cone cells, suggesting that a high level of Dl-N signal induces cone cell fate while lower Dl-N signaling induces R7 fate (Cooper and Bray, 2000; Flores et al., 2000) .
Dl-N signaling also occurs between the R3 and R4 precursor cells, where Dl is initially expressed in both cells and they signal to each other. However, the R4 precursor receives a stronger Dl-N signal than the R3 precursor, and this difference in Dl-N signaling capacity is subsequently amplified (Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson and Struhl, 1999) . Ultimately, this difference in Dl-N signal strength dictates which cell is induced to develop as an R3 versus and R4 cell. If an R3 precursor experimentally receives a stronger Dl-N signal, the precursor develops into an R4 cell instead; if an R4 precursor does not receive a Dl-N signal, it develops into an R3 instead.
A key unresolved issue concerning Dl-N induction of cell fates is how signaling strength is transduced into differential gene expression. Indeed, it is not even clear what the critical parameter of signal strength is in the first place. Hints to this question have come from analysis of N signal transduction. When N binds to Dl on the cell surface, an intracellular domain of N is cleaved from the receptor and translocates into the nucleus (Mumm and Kopan, 2000) . In the nucleus, it binds with a DNA-binding transcription factor Suppressor of Hairless (Su(H)). In the absence of N signaling, Su(H) associates with a co-repressor and represses transcription of target genes (Barolo et al., 2000; Hsieh and Hayward, 1995; Morel and Schweisguth, 2000) . When nuclear N heterodimerizes with Su(H), it then de-represses transcription of target genes by displacing the co-repressor. For some target genes, de-repression is the only means by which N activates their transcription (Li and Baker, 2001) . The target gene prospero is activated by N signal transduction by this manner in R7 and cone cells (Hayashi et al., in press) . For other target genes, the Su(H)-N heterodimer activates their transcription through a trans-activation domain within nuclear N. The target gene Dpax2 is activated by N signal transduction in cone cells by this mechanism (Flores et al., 2000) . These observations have suggested that possibly the de-repression mechanism can occur when Dl-N signaling strength is weak while the transactivation mechanism only occurs when Dl-N signaling is strong.
Here, we find a transcription repressor called Lola influences the R3-R4 and R7-cone fate choices. It influences precursors to adopt R3 and R7 fates rather than R4 and cone fates, respectively. Lola attenuates the ability of Dl-N signaling to activate transcription of target genes and induce fates of cells dependent upon strong signal strength -the ''strong N'' fates. Thus, Lola appears to generate a threshold or barrier for Dl-N signals to induce strong N fates in cells that receive weaker Dl-N signals.
Results
The lola gene encodes 25 mRNA transcripts that are generated by alternative splicing. These produce 19 different transcription factors. All of the different isoforms encode a common amino terminus, which contains a BTB or POZ domain. In addition, all but one of these transcription factors are spliced to unique exons encoding one or a pair of zinc-finger motifs (Giniger et al., 1994; Goeke et al., 2003; Ohsako et al., 2003) . BTB domains are found in a large family of proteins and allow for proteins to self-associate or to form heteromeric complexes (Collins et al., 2001) . BTB domains interact with transcriptional co-repressor molecules such as N-CoR and Sin3A, conferring transcriptional repression activity to many proteins that contain them (Perez-Torrado et al., 2006) . Indeed, Lola represses transcription of genes in cell culture and Drosophila embryos and discs, consistent with it acting as a transcriptional repressor (Cavarec et al., 1997; FerresMarco et al., 2006) . It also appears to interact with chromatin remodeling factors that promote heterochromatin formation (Ferres-Marco et al., 2006) . With respect to its function in Drosophila development, Lola is essential for axon growth and guidance in the embryonic nervous system (Giniger et al., 1994; Madden et al., 1999) . It also interacts with the cut gene in wing margin development, and it regulates apoptosis in the ovary (Bass et al., 2007; Krupp et al., 2005) . A potential function in eye development for Lola was suggested by the observation that reducing the dosage of the lola gene enhances the external eye phenotype of an activated Notch mutant (Verheyen et al., 1996) . Indeed, Lola cooperates with Dl to promote cell growth in the eye imaginal disc (Ferres-Marco et al., 2006) .
2.1.
Lola is expressed in photoreceptors and cone cells of the eye
We examined the expression of Lola protein in eye-imaginal discs with an antibody specific to Lola. In the eye disc, cell differentiation initiates at the morphogenetic furrow, which moves across the disc from posterior to anterior, leaving columns of differentiating ommatidia in its wake. Lola protein was detected in cells posterior to the morphogenetic furrow (Fig. 1A) . Closer examination revealed that Lola expression was established in cells as their fates were determined, with expression initially detected in R8, R2, and R5 (Fig. 1B) . This was followed by expression in R3 and R4, then R1 and R6, with R7 being the final photoreceptor to express Lola (Fig. 1B-C) . Subsequently, Lola was found to be expressed in cone cells (Fig. 1D) . Lola expression was maintained in all of these cells until at least the four-cone cell stage of development, which is the most mature stage that can be seen in third instar larvae.
The lola locus is a mutational hotspot for P element insertion, and a number of enhancer-trap lines possess inserts within the lola gene. We analyzed the reporter lacZ expression patterns of four of these lines, and found them all to have a lacZ pattern highly similar to the endogenous Lola protein pattern. Enhancer-trap expression was limited to photoreceptor and cone cells posterior to the morphogenetic furrow ( Fig. 1E-F) . Thus, the pattern of Lola protein expression in the eye disc reflects transcriptional regulation of the lola gene since enhancer-trap expression faithfully reproduced the endogenous protein pattern.
It had been previously shown that induction of retinal cell differentiation is dependent on activation of the EGFR in these cells (Freeman, 1996; Kumar et al., 1998; Spencer et al., 1998; Yang and Baker, 2001) . To determine if Lola expression requires EGFR activity, we immunostained eye discs from flies expressing a dominant-negative form of EGFR under control of the sev promoter in R1, R3, R4, R6, R7, and cone cells. Lola protein was restricted to R2, R5, and R8 cells in these eye discs and rarely detected in those cells that produced dominantnegative EGFR (Fig. 2B) . Thus, expression of Lola in photoreceptors and cone cells is activated by EGFR. The Sevenless receptor is also activated in the R7 precursor to direct its fate along the R7 pathway (Zipursky and Rubin, 1994) . We examined if Lola expression requires Sevenless by examining Lola protein in a null mutant eye disc. Lola expression in R7 cells was unaffected in mutants, indicating that Sevenless activity plays no significant role in Lola regulation (Fig. 2C) .
In addition to its role in cell induction in the eye, Dl-N signaling also prevents precursor cells from spontaneously differentiating, a phenomenon called lateral inhibition (Baker and Zitron, 1995; Cagan and Ready, 1989) . To determine if Lola expression is regulated by inductive or inhibitory Dl-N signals, we immunostained eye discs from flies carrying a temperature-sensitive allele of Notch. Lola protein was ectopically expressed in massive numbers of precursor cells, indicating that Lola expression is repressed by Dl-N signaling in precursors (Fig. 2D ). Despite this striking effect, it is not clear from this genetic interaction, how direct is the repression on Lola expression. We next determined whether N is able to activate or inhibit Lola expression in cells after they have been induced to differentiate. This was tested by producing a constitutively-active form of N, N DE , in cells as they were determined. Despite the ectopic activation of N in R1, R3, R4, R6, R7, and cone cells, there was no significant effect on Lola protein levels (Fig. 2E ).
2.2.
Lola is required for the R4-versus-R3 fate switch
Mutations in the lola gene lead to defects in axon projection in the embryonic nervous system resulting in lethality at the embryonic stage (Giniger et al., 1994; Goeke et al., 2003; Madden et al., 1999; Seeger et al., 1993) . To determine the role of lola in eye development, we analyzed lola loss-offunction clones in genetically mosaic flies. Homozygous mutant lola cells were generated by FLP-FRT mitotic recombination, and clones of progeny cells were visualized in sections of adult eyes. Mutant tissue contained recognizable photoreceptors but there were several defective features evident ( Fig. 3A-B) . First, the light-trapping rhabdomeres of mutant photoreceptor cells had abnormal morphologies. Rhabdomeres were variable in size, shape and position. Second, most ommatidia contained one or two fewer photoreceptors than their normal eight-cell contingent. Since the positions and morphologies of the remaining photoreceptors were abnormal, it was not possible to identify the missing cells. However, analysis of the margins of clones that contain mosaic ommatidia with both mutant and wild-type photoreceptor cells was informative. Approximately 65% of mosaic ommatidia had a wild-type phenotype while the other 35% exhibited a range of phenotypes (Table 1) . Most of these abnormal ommatidia were missing the R3 cell. A minor percentage of abnormal mosaic ommatidia were missing an R7 cell. One mosaic ommatidium with a missing R7 cell nevertheless contained all wild-type photoreceptors, suggesting that Lola acts cell-autonomously in the R7 cell for its correct formation. A more precise definition of Lola's role came from analysis of genetically mosaic ommatidia that had a normal composition and number of photoreceptors. A striking absence of mutant R3 photoreceptors was observed in these mosaic ommatidia (Fig. 3C ). This negative correlation strongly indicates that Lola is required in R3 cells for their development. Furthermore, it is wholly consistent with the observed phenotypes of abnormal mosaic ommatidia. The genetic composition of the other photoreceptors appeared to bear little or no effect on their presence in mosaic ommatidia, with the exception of R4. Mutant R4 photoreceptors were represented in these mosaic ommatidia twofold more frequently than other photoreceptors (Fig. 3C ). This positive correlation suggests that Lola inhibits R4 development. Thus, Lola appears to promote R3 fates at the expense of the R4 fate.
The R3-R4 pair has a profound impact on another aspect of pattern formation in the eye: ommatidial polarity. Ommatidia are arranged in a mirror-symmetric organization across the dorsoventral midline or equator (Ready et al., 1976) . Ommatidia on the dorsal and ventral sides of the equator are oriented in opposing directions and exhibit opposite chirality. When ommatidia are initially formed in the eye disc, they are uniformly oriented to point away from the morphogenetic furrow (Fig. 3D) . They then rotate 90°as units to point towards the equator; dorsal ommatidia rotate clockwise while ventral ommatidia rotate counterclockwise. The R3 and R4 cells are essential to establish the correct rotation of ommatidia (Zheng et al., 1995) . Moreover, R3 and R4 adopt asymmetrical positions in ommatidia, thereby specifying the unique chirality of the unit (Wolff and Rubin, 1998; Zheng et al., 1995) .
In lola mutant ommatidia with a missing R3 cell, there was often a reversal of ommatidium polarity (Fig. 3A) , consistent with the link between R3-R4 fates and polarity. We examined clones of mutant lola cells in eye discs and found that mutant ommatidia frequently were oriented in different directions compared to their wild-type neighbors (Fig. 3E) . Many of these were oriented in the opposite direction to wild-type, suggesting that the direction or degree of rotation was perturbed in mutant ommatidia. Two conclusions can be made from this result. First, Lola acts in the early stages of photoreceptor development and is not merely required for later differentiation stages. Second, Lola regulates ommatidial polarity by controlling the rotation process.
The complexity of the lola locus, which produces 25 transcript isoforms, makes it difficult to identify the transcripts necessary for R3 determination. We explored this issue by overexpressing individual isoforms in the eye. Two isoforms were tested: the A variant which makes a protein lacking zinc fingers and the T variant which makes a protein with zinc fingers (Ohsako et al., 2003) . Each isoform was transiently overexpressed in eye discs in R1, R3, R4, R6, R7, and cone cells as they were recruited to join nascent ommatidia. If a Lola isoform specifies R3 fate, then its overexpression would cause transformation of other photoreceptors to an R3 fate. We first examined the phenotype in adult eyes. In wild-type ommatidia, the R3 and R4 rhabdomeres are positioned asymmetrically to give ommatidia a distinct trapezoidal organization (Fig. 4A) . The transformation of R4 into R3 produces symmetrically organized ommatidia that are distinct from the wildtype trapezoid (Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson and Struhl, 1999) . Overexpressing the A isoform of Lola had no effect on eye morphology (data not shown). Overexpressing the T isoform of Lola resulted in ommatidia that were symmetrically organized with the elongated shape typical of two R3 cells (Fig. 4B-C) . When R3 and R4 are first recruited into ommatidia, they occupy symmetric positions (Ready et al., 1976) . The first morphological distinction between R3 and R4 occurs when the R3 cell physically displaces the R4 cell, causing R4 to move away from the center of the ommatidium (Fig. 4D) . However, in eye discs that overexpress the T isoform, the R3/R4 pair retains their sym-metric positions and fail to break symmetry as normal (Fig. 4E-F) . Both members of the pair act equivalently, consistent with the notion that R4 has transformed its fate to the R3 type.
Lola antagonizes Notch induction in the R3-R4 fate switch
A critical signal in distinguishing R3 and R4 is the strong Dl-N signaling from the R3 precursor to the R4 precursor. Low levels of Dl are initially detected in both precursors, which then evolves into high levels of Dl in the R3 precursor. Elevated Dl expression in R3 is due to weakened Dl-N signaling from the R4 precursor; experimentally induced strong Dl-N signaling from the R4 precursor results in lower Dl expression in the R3 precursor (Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson and Struhl, 1999) . The normal difference in R3/R4 expression of Dl can be seen in wild-type ommatidia with a lacZ reporter inserted in the Dl locus (Fig. 4G) . Overexpression of the T isoform of Lola resulted in expression of Dl-lacZ at high levels in both R3 and R4 precursors (Fig. 4H) , suggesting that Lola attenuates Dl-N signaling. To further test this idea, we examined a different gene target of Dl-N signaling. The gene E(spl)mo is specifically activated in R4 as a result of the strong Dl-N signal from R3 (Cooper and Bray, 1999) . The E(spl)mo enhancer linked to lacZ is a genetic reporter for this interaction (Fig. 4I) . To determine if the E(spl)mo enhancer activity depends on Lola, we overexpressed Lola T with the sev-GAL4 driver and found that it greatly reduced E(spl)mo expression in R4 (Fig. 4J) . These results confirm that Lola antagonizes the R4 fate and promotes the R3 fate A mosaic ommatidium (red circle) exhibits a polarity reversal. The wild-type polarity can be seen in the pigmented area. Note that the reversed ommatidium is missing the R3 cell. Another mosaic ommatidium with a missing R3 cell is highlighted with a red asterisk. The R4 cell is mutant for lola and this ommatidium exhibits a normal polarity. Many mosaic ommatidia contain mutant R4 cells (highlighted by green asterisks). In some cases, only the R4 cell is mutant with all other cells wild-type. These ommatidia exhibit normal polarity and have no missing photoreceptors. A mosaic ommatidium highlighted with a green circle is missing the R7 cell. Mosaic analysis of an independent allele, lola
A307
, confirmed these observations. (B) Analysis of ommatidia completely mutant for lola within the middle of clones. Most mutant ommatidia are missing one or two photoreceptors. (C) Analysis of normally patterned ommatidia along clone boundaries. A total of 45 normally patterned ommatidia (full complement of photoreceptors and wild-type polarity) were scored, and the lola genotypes of each photoreceptor type were noted as either wild-type (orange) or mutant (green). Since the R8 genotypes of all ommatidia could not be unambiguously assigned, only 34 ommatidia were scored for the R8 cell. No lola mutant R3 cells were seen in normally patterned mosaic ommatidia. In contrast, a greater frequency of lola mutant R4 cells was observed, when compared to the frequency in other cell types. (D) Schematic showing development of ommatidial polarity in the eye. At left, an eye disc with equator (EQU) dividing eye into dorsal and ventral halves. The leftmost column of ommatidia develops immediately posterior to the morphogenetic furrow with a uniform orientation. As the ommatidia mature, they rotate 45°, those in the dorsal half rotate clockwise and those in the ventral half rotate counterclockwise. The rotation is taken a further 45°such that by the posterior margin of the eye disc, ommatidia have undergone a 90°rotation. At right, two ommatidia on either side of the equator. Colors indicate the R3 and R4 cells in each cluster. The ommatidia rotate 90°though in opposite directions such that they end up facing towards each other. The R3 and R4 cells differentiate and adopt different morphological positions in the mature ommatidium. By adulthood, the asymmetric positions of R3 and R4 break the symmetry of each ommatidium and generate a handedness or chirality to each ommatidium. Ommatidia in the dorsal half are the opposite orientation and chirality to those in the ventral half. 
Lola is required for the cone-versus-R7 fate switch
Does Lola affect other N-dependent inductive interactions in the eye? Weak Dl-N signaling induces precursors to adopt an R7 fate while strong Dl-N signaling induces precursors to adopt a cone cell fate (Cagan and Ready, 1989; Cooper and Bray, 2000; Flores et al., 2000; Tomlinson and Struhl, 2001 ). Our first clue that Lola might affect this binary fate switch came from animals overexpressing the Lola T isoform. Occasionally, an ommatidium was observed which contained a normal contingent of outer photoreceptors and ectopic R7 cells (Fig. 5A) . Our second clue came from analysis of lola mutant clones. A small but significant number of mosaic ommatidia were missing R7 cells (Table 1 ). These clues suggested that Lola promoted R7 fate at the expense of cone cell fate. To investigate this issue further, we redirected cone cells to an R7 cell fate by ectopically activating Sevenless in cone cells, causing their transformation into R7 cells (Fig. 5B-C) . If Lola promotes R7 development at the expense of cone cells, then reducing the dosage of the lola gene would suppress Sevenless-dependent transformation of cone cells into R7 cells. Indeed, we found this to be the case (Fig. 5D-E) . A second prediction is that Lola is required in the R7 cell to prevent its fate 'leftward'' chirality (blue arrow); a ventral ommatidium oriented dorsally to show its ''rightward'' chirality (orange arrow); a symmetrical ommatidium of the R3/R3 type (purple arrow); a symmetrical ommatidium of the R4/ R4 type (green arrow). (D) A wild-type eye disc near the posterior margin labeled with anti-Elav. R3 has displaced R4 and occupies a position close to the midline of each ommatidium. Midline of one ommatidium is lined in blue, and the positions of R3 and R4 are shown. Chiralities of the ommatidia are indicated by blue arrows in the right panel. (E) A sev-GAL4/UASLola4.7 eye disc near the posterior margin labeled with anti-Elav. In many ommatidia, the R4 cell occupies a position close to the midline as if it was an R3, and this gives a symmetric appearance (red arrows). (F) Summary of phenotypes. (G) Delta-lacZ expression in a wild-type disc. In columns 4-7, Delta expression is highest in R3 cells, as has been previously described (Fanto and Mlodzik, 1999) . Column 1 is located to the left in the panel. (H) Delta-lacZ expression in a sev-GAL4/UAS-Lola4.7 disc. Delta is detected in pairs of adjacent cells, which by position are most likely R3 and R4. Arrows highlight such pairs. Expression is maintained in more mature ommatidia, located to the right. (I) Strong expression of E(spl)mo0.5-lacZ is detected in a single photoreceptor in ommatidia which is R4 (Cooper and Bray, 1999) . (J) Expression of E(spl)mo0.5-lacZ is inhibited in a sev-GAL4/UAS-Lola4.7 eye disc. b from being directed to the cone cell-type. To test this prediction, we attenuated activity of the sina gene in R7 cells with a hypomorphic allele, sina 4 , that causes approximately 20% of R7 cells to become cone cells (Fig. 5F ). Sina acts downstream of Sevenless in R7 cells where it regulates transcription factor activities (Li et al., 1997; Tang et al., 1997) . When the dosage of the lola gene was reduced, approximately 70% of sina 4 R7 cells were transformed into cone cells (Fig. 5G ). This suggested that Lola promotes precursor cells to adopt an R7 fate rather than a cone cell fate. Although these experiments clearly support a model in which Lola promotes R7 fate at the expense of cone fate, they do not address the issue of whether Lola does so by affecting the Dl-N inductive signal in precursors. To examine this issue, we misexpressed a constitutively-active form of N receptor in R1 and R6 precursor cells, which transforms these cells into a cone fate due to strong ectopic signal activity (Cooper and Bray, 2000) . When the T isoform of Lola was transiently overexpressed in R1/R6 precursors containing activated N, many of the cells now adopted the R7 fate ( Fig. 6A-C) . Thus, Lola inhibits cone cell induction by activated N, and it does so by acting downstream of N. Lola does not inhibit N induction of R7 fate, but rather promotes this fate choice. This would argue that Lola discriminates between different types of Dl-N inductive signals.
Discussion
We have shown that Lola regulates two cell-fate decisions in the eye: the R3 vs. R4 decision and the R7 vs. cone cell decision. Lola promotes R3 fate at the expense of the R4 fate, and it promotes R7 fate at the expense of the cone cell fate. Lola appears to influence these binary fate decisions by acting on responsiveness to Dl-N signaling. Lola regulates N-dependent gene expression, and Lola is able to suppress the effects of constitutively-active N on cell fate decisions. This latter result argues that Lola either acts downstream of N in the N signaling pathway or acts in a pathway that is convergent downstream with the N signaling pathway.
We find that Lola antagonizes ''strong N'' signaling, which is evident by overexpressed Lola antagonizing strong Ndependent gene expression in R4 and transforming it into an R3-type. We interpret this to mean that Lola normally makes the R3 precursor more resistant against induction into a R4-type, an interpretation that is consistent with mosaic analysis indicating that Lola is required in the R3 cell. Within the R3 precursor cell, Lola might repress transcription of genes that are normally activated by strong N signaling, such as the E(spl)mo gene. Doing so, Lola then would ensure the precursor would not inappropriately adopt an R4 cell fate. However, this notion raises a paradox: since Lola is expressed somewhat equivalently in all photoreceptors including R4, why does it not repress genes such as E(spl)mo in the R4 cell? One explanation is that it represses these genes in the R4 precursor but this repression is not strong enough to block their expression when induced by strong N signaling. Two lines of evidence support this explanation. Overexpression of Lola in the R4 precursor is sufficient to block expression of the E(spl)mo gene. This argues that Lola activity is a limiting component in N-dependent gene expression. Second, our analysis of mutant lola clones reveals that R4 cells in mosaic ommatidia are more likely to be mutant for the lola gene. This result implies that Lola antagonizes N-activated programming of R4 fate in the R4 cell itself. Based on these observations, we propose a model in which Lola acts as a transcription repressor of certain N-dependent genes that program the R4 cell fate (Fig. 7 ). It acts on these genes in all cells as they are induced by EGFR to differentiate. In cells that receive no Dl-N signal or a weak Dl-N signal, repression is sufficiently strong to block N-dependent gene expression. However, in cells such as the R4 precursor that receive a strong Dl-N signal, repression is not sufficient to block gene expression, and the cells follow an R4 fate. Thus, Lola functions to make cells respond with a sharper threshold to Dl-N signaling. Since Lola only functions in this manner in cells that have already been induced by EGFR signaling, Lola seems to aid in crosstalk between the two signal transduction pathways. Moreover, the lola gene is repressed by Dl-N signaling; loss of N activity results in ectopic lola expression in many precursor cells. This maybe ensures that only cells induced to differentiate will respond with a sharp threshold to later Dl-N signals they might receive.
Lola protein has sequence-specific transcriptional repressor activity (Cavarec et al., 1997) and it genetically interacts with histone remodeling proteins (Ferres-Marco et al., 2006) . Thus, Lola could antagonize N signaling by virtue of it specifically binding and repressing transcription of genes that are activated by N signaling. Alternatively, Lola might render genes less responsive to N by specifically interacting with effectors of N signaling. In this regard, strong genetic interactions have been observed between Lola and Hairless, a co-repressor of Su(H) in Drosophila (Muller et al., 2005 ). It is not yet possible to distinguish between these two models of interaction.
The Dl-N pathway is also required to specify both R7 and cone cell fates; strong Dl-N signaling induces cone fate and weaker Dl-N signaling induces R7 fate. Precursors with high levels of constitutively-active Notch become cone cells (Cooper and Bray, 2000; Flores et al., 2000) . This transformation is suppressed by Lola overexpression and leads to formation of more R7 cells. Conversely, loss of Lola leads to fewer precursors adopting an R7 fate and more adopting a cone fate, Again, these data fit with a model in which Lola sharpens the threshold response to levels of Dl-N signaling. It helps block strong Ndependent expression in the R7 precursor receiving a weak Dl-N signal, while it is insufficient to block the expression of the same genes in the cone precursors that receive a stronger Dl-N signal. However, in contrast to Lola's role in the R3/R4 fate switch, Lola has less effect on the R7/cone fate switch. Loss of lola causes infrequent R7 cell loss, and there is no significant correlation between the lola genotype of R7 cells in mosaic ommatidia and their normal development. Moreover, flies overexpressing Lola in cone cells only occasionally exhibit ectopic R7 formation. The reason why Lola has less impact on the R7/cone cell fate choice is unclear. Perhaps other factors play a redundant role with Lola in this fate switch.
4.

Experimental procedures
Drosophila genetics
The following mutant lines were used: sev d2 (Basler et al., 1989) , Sev S11 (Basler et al., 1991) , sina 4 (Carthew and Rubin, 1990) , N ts1 (Cagan and Ready, 1989) , lola A307 (Prokopenko et al., 2000) , and lola 06808 (obtained from A. Spradling). The predicted consequence of this mechanism is to sharpen a cell's responsiveness to Dl-N signaling by creating a threshold. This is illustrated in the graph below. In the absence of Lola, target gene expression would be linearly responsive to signal strength, while in the presence of Lola, target gene expression would be off at signal strengths below a certain threshold and on at strengths above that threshold.
The following transgenic stocks were used: sev-GAL4 (Sun and Artavanis-Tsakonas, 1997), UAS-EGFRDN (Freeman, 1996) , UASlola3.8 (isoform A) and UAS-lola4.7 (isoform T) (Madden et al., 1999; Ohsako et al., 2003) , sev-N DE (Fortini et al., 1993) , Delta-lacZ (Fanto and Mlodzik, 1999) , and E(spl)mo0.5-lacZ (Cooper and Bray, 1999 
Histology and immunohistochemistry
Mosaic clones in adult eyes were identified by the absence of pigment. Adult eyes were fixed and sectioned as described previously (Zheng et al., 1995) . Non-mosaic sections were stained with toluidine blue (Carthew and Rubin, 1990) . Eye discs were dissected, fixed and stained for antibody localization as described (Zheng et al., 1995) . Primary antibodies were rabbit anti-Lola (1:500) (Madden et al., 1999) , rat anti-Elav (1:10; MAb 7E8A10), mouse anti-Myc (1:100; MAb 9E10), rabbit anti-b-galactosidase (1:500; Cappel). Secondary antibodies conjugated to biotin were reacted with avidin-HRP (Vector Labs). Fluorescent secondary antibodies were FITC-conjugated goat anti-rat and Cy3-conjugated goat anti-mouse (Chemicon).
